We perform a single-cell RNA sequencing analysis to investigate the phenotypic and functional heterogeneity of the adult mouse prostate stromal cells. Our analysis identifies three major cell populations representing the smooth muscle cells and two types of fibroblast cells enriched by Sca-1 and CD90. The Sca-1 + CD90 + fibroblast cells are in direct contact with the epithelial cells and express growth factors and genes associated with cell motility, developmental process, and androgen biosynthesis. This suggests that they may regulate epithelial cell survival and growth. The Sca-1 + CD90 -/low myofibroblast-like cells highly express genes associated with the extracellular matrix and cytokine-mediated signaling pathways, indicating a role in tissue repair and immune responses. The Sca-1 + CD90 -/low cells significantly suppress the capacity of the basal cells for bipotent differentiation in the prostate organoid assay. Collectively, we identify the surface markers enabling physical separation of stromal subpopulations and generate the gene expression profiles implying their cellular functions.
HIGHLIGHTS scRNA-seq reveals three distinct mouse prostate stromal cell populations Sca-1 + CD90 + cells produce growth factors mediating developmental process Sca-1 + CD90 -/low cells express genes mediating immune response and tissue repair Sca-1 + CD90 -/low cells robustly suppress bipotent differentiation of basal cells DATA AND SOFTWARE AVAILABILITY GSE119988 
INTRODUCTION
The prostate is an organ that develops from the embryonic urogenital sinus under the regulation of androgens (Marker et al., 2003) . Besides the endoderm-derived epithelial cells, there are many other types of cells of different embryonic origins in the prostate, such as the stromal cells, immune cells, endothelial cells, nerve cells, and adipocytes. The term prostate stromal cells is vague, but generally refers to the nonhematopoietic and non-epithelial fibroblast cells. Stromal-epithelial interaction has been demonstrated to play an important role in the development and homeostasis of the prostate as well as in the initiation and progression of the prostate-related diseases including prostate cancer and benign prostatic hyperplasia (Barron and Rowley, 2012; Brennen et al., 2013; Cunha and Ricke, 2011; Risbridger and Taylor, 2008; Strand et al., 2017) .
During the past few decades, much progress has been made in understanding the lineage hierarchy of the prostate epithelial cells, especially that in the mouse (Lawson and Witte, 2007; Shibata and Shen, 2013; Xin, 2013) . In contrast, our understanding of the stromal lineages lags. Stromal cells are abundant in the human prostate but are relatively scarce in the mouse prostate. It is well accepted that the prostate stromal cells consist of distinct subpopulations with different functions and cellular origins. Functionally, the prostate stromal cells consist of smooth muscle cells and fibroblasts. The smooth muscle cells carry the contractile function. In the literature, mouse prostate smooth muscle cells are often roughly identified as bands of cells encapsulating prostatic epithelial glands based on the expression of a-smooth muscle actin. Fibroblast cells are referred to as the cells expressing vimentin and are often found in the interglandular space. Fibroblasts per se are also heterogeneous depending on their activation states and play important roles in immune surveillance and tissue repair (Kalluri, 2016; Ohlund et al., 2014) . Fibroblasts are thought to be capable of differentiating into myofibroblasts and then to smooth muscle cells in a reversible manner (Barron and Rowley, 2012) . A recent study classified the mouse prostate stroma into four compartments based on the expression of a-smooth muscle actin and CD34, but the functional relevance of this classification is unknown (Peng et al., 2013) . In addition, how the homeostasis of the prostate stromal cells is maintained remains unclear. Several studies demonstrated the existence of resident and infiltrated stromal cells in the prostate that possess the multipotent stem cell activity (Brennen et al., 2016; Kim et al., 2014; Lin et al., 2007) . However, a lineage tracing study by Peng et al. suggested that distinct stromal cell subpopulations are replenished independently (Peng et al., 2013) .
Despite these findings, our understanding of the prostate stromal cells is quite limited. There is a lack of the marker that can definitively define individual stromal cell subpopulations. Fibroblast-specific protein 1, actin alpha 2, and vimentin are frequently used markers for the prostate stromal cells. However, these markers cannot distinguish different stromal cell lineages under physiological and pathological conditions and are also not specific to the stromal cells. In addition, they are all intracellular proteins. Therefore it is technically infeasible to use these antigens to investigate the heterogeneity of the stromal cells, separate different stromal cell lineages, and uncover novel information regarding stromal cell biology and function.
Recent breakthrough in global analysis of transcriptomes at the single-cell level has made it possible to study cellular lineage heterogeneity and relationship (Papalexi and Satija, 2017; Treutlein et al., 2014; Wollny et al., 2016) . In this study, we perform single-cell RNA sequencing (scRNA-seq) analysis of adult mouse prostate stromal cells. Our study indicates that there are three major cell populations in the prostate stroma that roughly represent smooth muscle cells and two types of fibroblast cells. Our study identifies novel surface markers that enable physical separation of the different cell fractions and generate gene expression profiles that not only corroborate known cellular roles but also imply previously unknown functions of these cell lineages.
RESULTS

ScRNA-Seq Reveals Distinctive Subpopulations in Adult Mouse Prostate Stromal Cells
To dissect the stromal cell heterogeneity in the adult mouse prostates, we performed scRNA-seq analysis of individual adult mouse prostate stromal cells. Prostate stromal cells were isolated by fluorescence-activated cell sorting (FACS) from 8-to 10-week-old C57BL/6 mice based on their surface antigen expression profile (Lin À CD24 À CD49f À ) ( Figure S1A ) (Xin et al., 2005) . We employed the iCell8 Single-Cell System (Takara Bio) for single-cell capture to achieve an intermediate in-depth expression profiling of single prostate stromal cells. Combined with Illumina sequencing, we were able to assign on the order of 78 million reads and detect up to 3,967 genes per cell. We analyzed profiles from 1,159 single stromal cells that passed strict quality control thresholds (Transparent Methods) and used the Seurat 2.0 clustering algorithm to identify robust clusters of cells within the data. Using these methods, we identified five major clusters of cell populations ( Figure 1A) .
To determine the identities and functions of each subpopulation, we compiled the top 200 genes that could be specifically associated with each subgroup ( Figure 1B ) and performed Gene Ontology (GO) ( Figure 1C ) and network pathway analyses ( Figure S1B ) for each subgroup based on differential genes. Figure 1D shows some representative genes of biological interest for each subpopulation.
Three subpopulations (R1-R3) constitute most of the FACS-isolated single stromal cells, whereas the R4 and R5 subpopulations represent 4% and 7% of the total cells, respectively. The R5 subpopulation likely represents the luminal epithelial cell contamination because it highly expresses the luminal-cell-associated genes such as Krt8, Krt18, Cdh1, and Pbsn ( Figure 1D ). Gene ontology analysis shows that the R4 cells express genes associated with DNA packaging, nucleosome assembly, and organization ( Figure 1C ). However, the identity and function of this small cell population remain unclear based on the top expressed genes and the GO analysis. Therefore we focused on the characterization of the R1-R3 subpopulations in this study.
The R1 subpopulation (42% of the total cells) highly expresses a fibroblast cell marker Thy-1 (CD90) but expresses a relatively lower level of another fibroblast marker Vimentin ( Figure 1D ). GO analysis shows that these cells express genes associated with extracellular matrix, anatomical structure morphogenesis, cell motility, developmental process, and Wnt signaling ( Figure 1C ), including Mmp2, Bmp2, Bmp7, Hoxd13, Yap1, Runx2, and Wnt signaling components (Wnt2, Fzd1, Tcf4, Lef1, Sfrp2, and Wif1) ( Figure 1D ). This indicates that this cell population mediates signaling that regulates prostate morphogenesis. In addition, Srd5a2, an essential enzyme for dihydrotestosterone (DHT) production is also highly expressed in this cell population ( Figure 1D ), which suggests that these cells play a critical role in the prostatic intracrine androgen biosynthesis (Wang et al., 2017) .
The R2 subpopulation (34% of the total cells) highly expresses S100a4 (Fsp1), Ddr2, Fn1, and Igf1 (Figure 1D) . It also highly expresses Cd34 and Ly6 family members (Ly6a, Ly6c1, and Ly6c2), but expresses a relatively lower level of Cd200. The R2 subpopulation expresses many genes associated with the extracellular matrix and exosome, cytokine-and chemokine-mediated signaling pathways, and complement activation ( Figure 1C ), including many cytokines, chemokines, and complement components such as Ccl2, Ccl7, Ccl11, Cxcl1, Cxcl2, and C3 ( Figure 1D ). Collectively, these observations indicate that the R2 subpopulation may play a role in defense and immune responses and tissue repair.
Cells in the R3 cluster (12.5% of the total cells) highly express Acta2, Tagln, Mfap2, and Mfap4, suggestive of a smooth muscle cell phenotype ( Figure 1D ). In addition, Notch3, Gli2, Gli3, Rspo3, and two stem cell-associated markers, Lgr5 and Hopx, are also highly expressed in this cell population. GO analysis reveals that the genes associated with the potassium channel regulator activity (Cav1, Kcnip1) are enriched among the top 200 genes of the R3 subgroup ( Figure 1C ). This is consistent with the ion-channel-mediated contractile function of the smooth muscle cells. Interestingly, these cells also expressed various neuropeptide genes (Npy, Mdk, and Nrep) and regulators of angiogenesis (Angpt1, Angpt2, and Ctla2a) ( Figure 1C ), suggesting the existence of cross talk between these cells with the nerves and endothelial cells.
Isolation of Distinctive Mouse Prostatic Stromal Cell Populations Based on Surface Expression Profiles
We sought to use surface antigens identified in the scRNA-seq analysis to separate the prostate stromal cells into functionally distinct subpopulations. According to the scRNA-seq analysis, Cd90 and Cd200 are highly expressed in the R1 cells, whereas Sca-1 and Cd34 are highly expressed by the R2 cells. FACS analysis revealed that all CD90 + cells are CD200 + , whereas most CD34 + (all CD34 high ) cells are Sca-1 + ( Figure S1C ). We therefore attempted to use CD200 and Sca-1 to further fractionate stromal cells. Surprisingly, contrary to the inverse correlation between the expression of CD200 and Sca-1 shown in the scRNA-seq analysis, the two antigens costained predominantly in the FACS analysis ( Figure S1D ). This is probably because one of the markers is expressed at a very wide range. We therefore used CD90 instead, in combination with Sca-1, to further fractionate prostate stromal cells.
As shown in Figure 2A , Sca-1 and CD90 separate the Lin À CD24 À CD49f À stromal cells into four populations (S1, Sca-1 + CD90 + , 36.7%; S2, Sca-1 + CD90 -/low , 21.6%; S3, Sca-1 À CD90 + , 6.6%; S4, Sca-1 À CD90 -, 35.1%). Immunostaining of cytospin preparations revealed that the S4 population was mainly composed of cell debris (data not shown). To determine the identities of the remaining three cell populations, we FACSisolated individual cell populations, extracted RNAs, and performed qRT-PCR analysis of the genes associated with the three subpopulations (R1-R3) identified by the scRNA-seq analysis ( Figure 1D ). Figures 2B  and 2C show that the S1 and S2 fractions highly express representative genes enriched in the R1 and R2 populations, respectively. However, among the genes enriched in the R3 population, only Notch3 and Cav1 were highly expressed in the S3 cell population, whereas other genes were mostly expressed in the S2 cells, suggesting that the R3 cell population was not efficiently separated from the R2 cells using this combination of surface antigens ( Figure S2A ). Of note, S2 cells also highly express Acta2 ( Figure S2A ). Considering that many factors expressed by myofibroblasts are highly expressed in the S2 cells, such as Acta2, Fn1, and inflammatory cytokines (Sun et al., 2016) , it is naturally to reason that the R2/S2 cells represent myofibroblast cells.
We also investigated the expression levels of several major hormone receptors in the three cell populations ( Figure 2D ). Estrogen receptor a (Esr1) and progesterone receptor (Pr) are expressed at a relatively higher level in the S1 and S3 cells, whereas glucocorticoid receptor (Gr) is highly expressed in the S2 cells. The androgen receptor is expressed in all the three subpopulations at a similar level. The proliferative index of the S1 cells is relatively higher than those of the S2 and S3 cells based on the flow cytometric analysis of bromodeoxyuridine incorporation ( Figure 2E ).
The molecular and phenotypic profiles of individual stromal subpopulations are quite stable. For example, after FACS-isolated S1 and S2 cells were cultured and expanded in Petri dish separately, they still expressed their respective representative genes differentially ( Figure S2B ), although the expression levels of these genes decreased significantly in the cultured cells than in freshly isolated cells ( Figures 2B and 2C ). In addition, when these cells were cultured in vitro in Matrigel under the condition of a prostate organoid culture (Karthaus et al., 2014) they retained their respective surface marker expression profiles ( Figures S2C and S2D ). These observations suggest that the two fibroblast subpopulations have undergone a strict lineage specification and do not display lineage plasticity at least under these two in vitro culture conditions.
Anatomic Localization and Hormonal Regulation of Different Stromal Cell Populations
We then investigated whether the three different stromal cell populations separated by Sca-1 and CD90 are equally distributed among different mouse prostatic lobes. Figures 3A and 3B show that the Sca-1 + CD90 + S1 population is rare in the ventral prostate but is most abundant in the anterior lobe. Immunostaining corroborates that Sca-1 is expressed in the stromal cells in all different lobes, but CD90 is barely detectable in the ventral prostate stromal cells ( Figures 3C and S3A ). Owing to the restriction of the source species of the antibodies, we were not able to perform coimmunostaining of Sca-1 and CD90. Instead, we performed coimmunostaining of CD34 and CD90. Consistent with the scRNA-seq and FACS analyses (Figures 1D and S1C), CD34 staining surrounds the keratin 14-expressing basal cells and overlapped significantly with Sca-1 staining in stromal cells (middle and bottom panels, Figures 3C, S3B , and S3C). In contrast, CD90 and CD34 mostly mark different stromal cell populations, which is also consistent with the FACS analysis ( Figure S1D ). More interestingly, CD90 + stromal cells are in direct contact with the epithelial cells, whereas the CD34 + and Sca-1 + cells are localized outside the layer of the CD90 + cells (white arrow in the inset in the of middle image of top panel, Figure 3C ).
We then investigated how the stromal cell subpopulations change in response to androgen deprivation. Figures 3D and 3E show that the overall pattern of the proportions of individual stromal subpopulations did not alter drastically in the castrated mice, except that the CD90and CD90 low populations within the Sca-1 + CD90 -/low S2 cells became more distinctive ( Figure 3D ). qRT-PCR analysis of several representative genes associated with the R1-R2 subpopulations reveals that the Sca-1 + CD90 low cells in castrated mice display a similar gene expression profile with both the Sca-1 + CD90 -/low total S2 cells and the Sca-1 + CD90 low S2 cells in intact mice ( Figure 3F ), suggesting that these cells are not the S1 cells that had a reduced CD90 expression in response to androgen deprivation. Although androgen deprivation did not alter the phenotypic appearance of individual stromal cell populations, it downregulated Bmp2 and Srd5a2 but upregulated Bmp7 in the S1 cells and downregulated Ccl2, Ccl11, and Ly6c1 in the S2 cells ( Figure 3F ).
Previous study has shown that high fat diet can induce a very mild inflammatory microenvironment in the prostate . We therefore investigated how the stromal cell subpopulations were affected by high-fat diet. Figures S3D and S3E shows that there was no drastic change in the phenotypic profile and proportion of individual stromal subpopulations in mice fed with high-fat diet. Ccl2 was upregulated in the S2 cells in the high-fat-diet-fed group, corroborating a mild prostate inflammation induced by high-fat diet ( Figure S3F ). However, there was no widespread change in the expression of representative genes associated with individual populations except that Bmp7 and Wif1 were downregulated in the S1 cells and Fn1 was downregulated in the S2 cells.
Distinct Impact of Different Stromal Cell Lineages on Basal Cell Differentiation
Prostate stromal cells have been shown to regulate epithelial cell survival and proliferation via juxtacrine or paracrine signaling (Marker et al., 2003) . We employed a previously established prostate organoid assay (Karthaus et al., 2014) to determine whether different stromal cell populations may affect the organoidforming capability of the prostate basal cells and their differentiating capacity. Briefly, FACS-isolated adult mouse prostate basal (Lin À Sca-1 + CD49f + ) cells were cultured in the organoid assay alone, or cocultured with FACS-isolated S1 and S2 cells separately. To test whether cross talk between S1 and S2 cells is necessary for them to regulate basal epithelial stem cell activity, we included a fourth group in which basal cells were cocultured with both S1 and S2 cells. Figure 4A shows that the organoid-forming activity of the basal cells is increased by 1.27 to 1.38-fold in all the three coculture groups compared with that in the control group with the basal cells only. FACS-sorted stromal cells do not form organoids when cultured alone (organoid-forming unit <1/4,000, Figure S4A ). The stromal cells can survive during the 7-to 10-day culture in the organoid culture condition. They did not undergo senescence as measured by qRT-PCR analysis of the senescence markers p16 and p19 ( Figure S4B ). Neither did they proliferate during the culture (Figure S4C) . Therefore the increased organoid-forming unit was from the basal cells. In addition, the size of the organoid was also increased by 1.08 to 1.15-fold significantly ( Figure 4B ). By coculturing the stromal cells expressing tdTomato with wild-type basal cells, we showed that the stromal cells did not incorporate into the basal-cell-derived organoids ( Figure S4D) . Therefore the increased organoid size likely reflects an increase in the proliferation of the organoid cells.
The majority (96.7%) of the organoids formed in the control group are composed of cells that express both the basal cell marker cytokeratin 5 (K5) and the luminal cell marker cytokeratin 8 (K8) (hereafter referred to as the Type I organoid, Figure 4C ). In contrast, the remaining 3.3% of organoids consists of cells that highly express K5 but with a weak expression of K8 (hereafter referred to as the Type II organoids, Figure 4C ). These two types of organoids may reflect either the differentiation status of the organoid cells or different features of their respective cellular origins.
Interestingly, coculture of the basal cells with different types of stromal cells significantly increased the percentage of the Type II organoids (19.5% and 74.1% in the S1 and S2 coculture, respectively) ( Figure 4D ). The percentage of the Type II organoids in the coculture group with both the S1 and S2 cells (23.8%) fell between those of the S1 coculture and S2 coculture groups, which suggests that there is no synergy or interference between the two stromal cell populations in this assay. As the increase in the organoid-forming activity is minor, we believe that the increased frequency of the type II organoids is not because the S1 and S2 cells can promote the survival and growth of a basal cell subpopulation that specifically generate the Type II organoids. Instead, this observation supports that the S1 and S2 stromal cells suppress bipotent differentiation of the basal cells.
To determine whether such activity is mediated via direct cell-cell contact or paracrine signaling, we suspended FACS-sorted prostate basal cells and stromal cells in Matrigel separately so that they were cocultured in the organoid assay but did not contact directly. We obtained very similar results ( Figures  S4E and S4F) , which supports the fact that the stromal cells suppress bipotent differentiation of the basal cells in the organoid assay in a paracrine manner. Figures S4G and S4H show that even after coculture with the basal cells, the S1 and S2 cells still retained their molecular and phenotypic properties. Together, these results suggest that the distinct capacity of the S1 and S2 cells to suppress bipotent differentiation of basal cells in the organoid assay is determined by their different secretomes.
To determine whether coculture of the basal cells with stromal cells affects their capacity for self-renewal, we FACS-sorted basal cells in each organoid culture shown in Figure 4D and passaged them alone, separately. Figure 4E shows that the organoid-forming activities were all decreased in the secondary culture, but the reduction was more significant in the coculture groups (from 19.9% to 4.8% in the basal cell alone group versus from 25.8% to 2.3% in the coculture groups). The sizes of the organoids in the S2 and S1 + S2 group were slightly bigger than that in the control group (1.15-to 1.17-fold) ( Figure 4F) . Surprisingly, in all the cultures, the Type II organoid became the predominant type of the organoids ( Figure 4G ). This implies that during the organoid culture the FACS-sorted basal cells have changed. They lost some bipotent differentiation capacity and became committed to unipotent basal cells. Coculturing with the stromal cells accelerates this process in the organoid assay.
DISCUSSION
Distinct Stromal Cell Populations with Possibly Specialized Functions
We separated prostate stromal cells into three major populations (R1-R3) with distinct biological functions using scRNA-seq. Based on the information obtained from the scRNA-seq we were able to identify surface antigens that distinguish two of the three populations: the Sca-1 + CD90 + (S1) and Sca-1 + CD90 -/low (S2) stromal cells roughly correspond to the R1 and R2 cells, respectively. Both cell populations display a fibroblastic phenotype based on their expression of representative fibroblast cell-associated genes, but the R1 cells express the fibroblastic cell marker Vimentin at a relatively lower level compared with the R2 cells. The R2 cells highly express S100a4 and Acta2 as well as many inflammation-associated genes, suggesting a myofibroblast phenotype. It should be noted that Sca-1 and CD90 only separate stromal cells into rough subpopulations and that other markers are necessary to further define purer stromal subpopulations in the mouse prostate.
The R1 cells express various growth factors, including Bmps and Wnts, as well as Srd5a2, the essential enzyme for DHT synthesis. These features suggest that the CD90 + cells play an important role in the growth and androgen-mediated survival of prostate epithelial cells. This is further supported by the fact that these cells are in direct contact with the epithelial cells. The features of these cells are similar to those of the telocytes reported in the small intestines (Shoshkes-Carmel et al., 2018), suggesting that they may share the same developmental origin or differentiation trajectories. The growth factors and DHT generated by these cells are easily accessible to the epithelial cells via paracrine signaling. DHT may also be transported to epithelial cells via gap junctions. Interestingly, Srd5a2, an enzyme critical for DHT synthesis, is downregulated in the S1 cells after castration. These observations indicate that the CD90 + stromal cells may play a critical role in the androgen-regulated survival of prostate epithelial cells. It is interesting that the CD90 + cells are rare in the ventral prostate lobes that are more resistant to androgen deprivation than the other prostate lobes (O.-J.K. and X.W., unpublished data). This suggests that the epithelial cells in ventral prostate lobes may employ distinct signaling to maintain their growth and survival after androgen ablation.
R3 cells consist of cells that are phenotypically smooth muscle cells. Genes involved in tissue development and homeostasis, neurogenesis, and angiogenesis are also highly expressed by these cells, suggesting that the smooth muscle cells carry other important functions than the simple supporting and contractile roles. Unfortunately, we were not able to identify a combination of surface markers that can specifically separate the R3 cells. It is possible that the smooth muscle cells are more susceptible to the mechanical and enzymatic digestion during single-cell preparation, and thereby are partially depleted during the assay (the S4 cell debris in Figure 2A ). In addition, CD90 and Sca-1 are not enough to distinguish the R3 cells from the other cell populations as our qRT-PCR analysis showed that the genes highly expressed in the R3 cells ( Figure 1C ) can be detected in both the S2 and S3 cells. Other markers are necessary to isolate this cell population in the future.
Fibroblast and myofibroblast have been shown to undergo phenotypic conversion between each other upon stimulation such as mechanical tension (Meran and Steadman, 2011) . Interestingly, we showed that even after extended in vitro culture, the phenotypic profiles of S1 and S2 cells, such as the expression of surface antigens and specific genes, are relatively stable. This observation indicates that they may have distinct developmental origins that shape their molecular phenotypes and functional properties. This is also consistent with the previous study showing that different types of stromal cells in the mouse prostate are independently sustained (Peng et al., 2013) . Future studies using lineage tracing should be able to corroborate this theory more definitively.
Stromal Regulation of Basal Cell Differentiation
The prostate organoid assay provides a permissive environment for the prostate basal cells to survive, proliferate, and undergo differentiation to generate cells with a luminal phenotype. We showed that coculture of the basal cells with the S1 and especially S2 cells block the luminal differentiation of the basal cells. Basal-to-luminal differentiation is often associated with an increase in cellular proliferation (Karthaus et al., 2014; Lamb et al., 2010; Xin et al., 2003) . For example, when basal cells are cultured in Petri dish stimulated with growth factors they can proliferate and differentiate. In addition, we showed previously that prostate inflammation can induce basal-to-luminal differentiation, which is also accompanied by increased cellular proliferation. Therefore, it is surprising that the cytokine-producing Sca-1 + CD90 -/low cells can stimulate organoid growth yet suppress differentiation. This indicates that the inflammatory and growth-stimulating signaling in vivo and in the organoid assay are not completely the same. Alternatively, direct interaction of basal cells with immune cells may play a role in basal-to-luminal differentiation.
One suspected candidate signaling through which S1 and S2 cells block basal-to-luminal differentiation is the Wnt signaling because it has been reported to be necessary for basal-to-luminal differentiation (Lu and Chen, 2015; Madueke et al., 2018) . The Wnt agonist R-spondin is an essential component for organoid growth (Karthaus et al., 2014; Kwon et al., 2015) . Nevertheless, removing R-spondin or adding the Wnt inhibitor IWP-2 in the organoid assay only reduces the number and size of the organoids, but not the differentiation status of the cells (Figures S4I and S4L ). In addition, the S2 cells do not always express the various Wnt inhibitors more than the S1 cells ( Figure S4M ). Therefore it is unlikely that the S2 cells block basal-to-luminal differentiation by interfering with the Wnt signaling in the basal cells in the organoid assay. Future gene expression and proteomic profiling may provide more insights into the underlying mechanisms.
Limitations of the Study
We classify the mouse prostate stromal cells into three distinct populations in this study. These populations are also heterogeneous and should be able to be further subclassified by additional studies including more cells with deeper reads.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the single cell RNA-seq data is GEO: GSE119988.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.02.032.
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Functional Heterogeneity of Mouse Results show means ± SD of relative expression level to Gapdh from four independent experiments. *: p<0.05. **: p<0.01. ***: p<0.001. B: qRT-PCR analysis of representative genes of R1 and R2 in S1 and S2 stromal cells that have been cultured in vitro in petridish for 7 days. Results show means ± SD of relative expression to Gapdh from 4 independent experiments. *: p<0.05. ***: p<0.001. C-D: Representative FACS plots of Sca-1 and CD90 in S1 and S2 stromal cells that have been cultured in vitro in petridish. Bar graph shows means ± SD of percentage of cells from 3 independent experiments. Supplementary Figure 3 . Anatomic distribution and hormonal regulation of distinct prostates stromal cells. Related to Figure 3 . A-C: Coimmunostaining of CD34/CD90 (A), CD34/Sca-1 (B), and CD34/K14 (C) in different prostate lobes. Bars=25 µm. D: FACS plots show stromal subpopulations in individual prostatic lobes of mice fed with regular fat diet (RFD) and high fat diet (HFD), respectively. E: Bar graph shows means ± SEM of percentage of each subpopulation in different lobes from 3 independent experiments. *: p<0.05. F: qRT-PCR analysis of representative genes associated with R1 and R2 cells in FACS-isolated S1, S2 and S3 cells in RFD and HFD groups. Result shows means ± SD of relative expression level to Gapdh from 5 independent experiments. *: p<0.05. **: p<0.01. ***: p<0.001. Supplementary Figure 4 . S2 cells suppress bipotent differentiation of prostate basal cells. Related to Figure 4 .
A: Dot plot shows means ± SD of organoid-forming unit from FACS-isolated stromal subpopulations. B: qRT-PCR analysis shows means ± SD of relative expression level of senescence markers, p16 and p19, to Gapdh in freshly FACS sorted stromal cells and in vitro cultured stromal cells. n.s.: not significant. C: Bar graph shows means ± SD of percentage of viable stromal cells after in vitro culture in organoid culture media for 7 days. D: Overlaid images of transillumination and fluorescence show coculture of FACS-isolated basal cells from C57Bl/6 mice and stromal cells from mTmG mice in organoid assay. Ba: basal cells. S1: Lin -Sca-1 + CD90 + cells. S2: Lin -Sca-1 + CD90 -/low cells. E: Dot plot shows means ± SD of organoid forming units of FACS-isolated basal cells when cultured alone or with S1, S2, and S1+S2 cells separately but without direct contact. Inset image shows that basal cells and stromal cells were immobilized separately in Matrigel at opposite side of a well in 96-well plate. Results were from 3 independent experiments. *: p<0.05. F: Dot plot shows means ± SD of organoid size and pie charts quantify the types of organoids. ***: p<0.001. G: FACS plots show staining of Sca-1 and CD90 in stromal cells after coculture in organoid assay with basal cells. Bar graph shows means ± SD of cellular percentage. H: qRT-PCR analysis of Bmp2, Bmp7, Ccl2, and Ccl11 in stromal cells that have been cocultured with basal cells in organoid assay. Bar graph shows means ± SD of relative expression level to Gapdh. I: Dot plot shows means ± SD of organoid-forming units with or without R-spondin in organoid culture media from 3 independent experiments. *: p<0.05. J: Dot plot shows means ± SD of organoid size and pie charts quantify the types of organoids. ***: p<0.001. K: Dot plot shows ± SD of organoid-forming unit with DMSO or IWP-2 in organoid culture media from 3 independent experiments. **p<0.01. L: Dot plot shows means ± SD of organoid size and pie charts quantify the types of organoids. **: p<0.01. M: qRT-PCR analysis of expression of endogenous Wnt inhibitors in S1 and S2 cells. Bar graph shows means ± SD of relative expression level to Gapdh. *: p<0.05. **: p<0.01. ***: p<0.001. 
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Gene Forward Reverse
Acta2
GAGTGTCCGGATGGGTTCTTA GAAGCCAGGAGTGACACACA
TRANSPARENT METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Li Xin (xin18@uw.edu)
EXPERIMENTAL MODEL
Mice
All animals used in this study received humane care in compliance with the principles stated in and DIO control, and Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Method DETAILS
BrdU treatment and castration
To determine the proliferative index of prostate stromal cells, experimental mice received 80 mg/ kg of BrdU (Sigma, St. Louis, MO) for 5 days via I.P injection before euthanized. For androgen deprivation, experimental mice were castrated at the age of 10 weeks using standard techniques as described previously 
Preparation of dissociated single prostate cells
Dissociated prostate cells were prepared as described previously (Valdez et al., 2012 to get single cells.
Flow cytometry and cell sorting
Dissociated single mouse prostate cells were incubated with florescence conjugated antibodies at 4 o C for 30 minutes. Information for antibodies for FACS analysis and sorting is listed in Supplementary Table 1 . FACS analyses and sorting were performed by using the BD LSR II, and Aria II (BD Biosciences, San Jose, CA) and gating was confirmed using fluorescence minus one.
RNA isolation and quantitative RT-PCR
Total RNA was extracted using Nucleospin RNA XS Kit (Macherey-Nagel, Bethlehem, PA).
RNA was reverse transcribed to cDNA using qScript™ cDNA SuperMix (Quanta, Gaithersburg, MD). QRT-PCR was performed using SYBR Green system (Quanta, Gaithersburg, MD) and detected on a StepOne plus Real-Time PCR system (Applied Biosystems, Foster City, CA).
Primers for target genes were listed in Supplementary Table 2 . We processed 1417 individual fastq files (including 48 negative and 46 positive controls) using "top hat" and "cufflinks" in Galaxy (https://usegalaxy.org/). After filtering for cell expression profiles with a minimum of 500 detected genes and alignment rates >40%, 1159 profiles were used in the final analysis. Cell expression profiles were quantile normalized and analyzed using the Seurat R package (http://satijalab.org/seurat/). Using default parameters, Seurat analysis defined cellular subsets. Briefly, Seurat methods embeds cells in a graph structure, with edges drawn between cells with similar gene expression patterns, and then attempts to partition this graph into highly interconnected 'quasi-cliques' or 'communities'. tSNE plots, as generated using Seurat, were used to visualize the cellular subsets, although the clustering approach of Seurat involves methods that are independent of the tSNE components. For each Seurat subgroup, we defined the top associated over-expressed genes, by p-value using Pearson's correlation metric on log-transformed values; genes detected in 10 cells or fewer were not considered in this analysis; where duplicate transcripts referred to the same gene, the transcript with the highest standard deviation was used to represent the gene.
Single cell RNA-seq
Prostate organoid assay
Murine prostate epithelial cells were cultured with or without prostate stromal cells ( added and 100 nM of IWP-2 (Selleck Chemicals, Houston, TX) was supplemented in the culture medium. To collect organoid for immunostaining, culture media were removed and 200 µl of 1 mg/mL Dispase solution (Invitrogen, Carlsbad, CA) was added and incubated for 1 hour at 37 °C. Samples were then transferred to 1.6 ml Eppendorf tubes and centrifuged at 900g for 2 minutes. Organoid were fixed in 10% formalin for 10 minutes and resuspended in 100 µl of HistoGel (Richard-Allan Scientific, Kalamazoo, MI) for preparation of paraffin embedded blocks.
To dissociate prostate organoids into single cells, organoids were released from Matrigel by Dispase (Life technologies, Grand Island, NY), resuspended in 300 µl of chilled Trypsin-Versene (Lonza, Walkersville, MD), and gently passed through 28-gauge insulin syringes for approximately 10 times in 5 minutes. 200 µl of organoid culture media was added followed by centrifuging at 900xg for 2 minutes. Dissociated cells were resuspended in culture media. Viable single cells were enumerated under microscope and plated in 96-well plates with growth factor reduced Matrigel (Corning, Corning, NY).
Prostate stromal cell culture
To determine how stable the molecular and phenotypic properties of the distinct prostate stromal subpopulations are, FACS-isolated subpopulations were either cultured in 2D in petridish with the organoid culture medium or suspended in growth factor reduced Matrigel (Corning, Corning, NY) and cultured in the organoid culture medium for 7-10 day. Outgrown cells were collected for subsequent qRT-PCR and flow cytometric analyses.
Histology and Immunostaining
Prostate tissues were fixed by 10% buffered formalin and paraffin embedded. HE staining and immunofluorescence staining were performed with 5 µm sections. To prepare cytospin from FACS-sorted cells, cells were loaded into cytospin slide chambers of Shannon Cytospin 4 (Thermal Scientific, Odessa, TX) and centrifuged at a speed of 800 rpm in room temperature for 5 minutes. H&E staining and immunofluorescence staining were performed using standard protocols on 5-μm paraffin sections or cytospin slides. Primary antibodies and dilutions used are listed below. Slides were incubated with 5% normal goat serum (Vector Labs, Burlingame, CA) and with primary antibodies diluted in 3% normal goat serum overnight at 4°C. Primary antibodies used in this study are rabbit anti-CD34 (ab81289, Abcam), rat anti-mouse CD90 (#105201, Biolegend), rat anti-Sca-1 (#557403, BD PharMingen, San Diego, CA) rabbit anti-K5
